The responses of chlorophyll fluorescence, gas exchange rate and Rubisco activation state to temperature were examined in transgenic rice plants with 130 and 35% of the wild-type (WT) Rubisco content by transformation with rbcS cDNA in sense and antisense orientations, respectively. Although the optimal temperatures of PSII quantum efficiency and CO 2 assimilation were found to be between 25 and 328C, the maximal activation state of Rubisco was found to be between 16 and 208C in all genotypes. The Rubisco flux control coefficient was also the highest between 16 and 208C in the WT and antisense lines [ 40.88 at an intercellular CO 2 pressure (Ci) of 28 Pa]. Gross photosynthesis at Ci ¼ 28 Pa per Rubisco content in the WT between 12 and 208C was close to that of the antisense lines where high Rubisco control is present. Thus, Rubisco activity most strongly limited photosynthesis at cool temperatures. These results indicated that a selective enhancement of Rubisco content can enhance photosynthesis at cool temperatures, but in the sense line with enhanced Rubisco content Pi regeneration limitation occurred. Above 208C, the Rubisco flux control coefficient declined. This decline was associated with a decline in Rubisco activation. The activation state of Rubisco measured at each temperature decreased with increasing Rubisco content, and the slope of activation to Rubisco content was independent of temperature. We discuss the possibility that the decline in Rubisco activation at intermediate and high temperatures is part of a regulated response to a limitation in other photosynthetic processes.
Introduction
At the temperature optimum of photosynthesis and current atmospheric CO 2 levels, the capacity of Rubisco to consume D-ribulose 1,5-bisphosphate (RuBP) is often a rate-limiting factor for the light-saturated rate of net CO 2 assimilation (A). Away from the thermal optimum, Rubisco capacity is non-limiting (Sharkey 1985a, Sage and Kubien 2007) . At low temperature, for example, the capacity of carbon metabolism to regenerate Pi for photophosphorylation often limits A. Above the thermal optimum, the principle limitation over A remains uncertain. Rubisco capacity may be limiting, particularly at CO 2 levels below current values; however, a substantial body of work supports the hypothesis that Rubisco activase capacity becomes the principle limitation on A at supra-optimal temperatures. The activity of Rubisco activase declines at elevated temperature because of inherently high heat sensitivity of the activase enzyme (Feller et al. 1988) . If activase capacity is sufficiently impaired, the loss of activated Rubisco could be large enough to impose a limitation on A by limiting the ability of Rubisco to consume RuBP. In support of this hypothesis, parallel changes have been shown between the capacity of Rubisco activase, the reduction in the activation state of Rubisco and a decline in A above the thermal optimum (Law and Crafts-Brandner 1999 , Crafts-Brandner and Salvucci 2000 , Crafts-Brandner and Salvucci 2002 , Haldimann and Feller 2004 , Salvucci and Crafts-Brandner 2004a , Salvucci and Crafts-Brandner 2004b . Haldimann and Feller 2005 . In addition, modeled simulations of A using fully activated Rubisco capacity overestimates A, while modeled simulations using deactivated Rubisco capacity effectively predicted the observed A (Crafts-Brandner and Salvucci 2000 , Yamori et al. 2006b ).
An alternative possibility is that the capacity of RuBP regeneration becomes limiting at elevated temperatures. At supra-optimal temperature, electron transport capacity rapidly declines in many species and has been implicated as an important limitation over RuBP regeneration capacity and A above the thermal optimum (Yamasaki et al. 2002 , June et al. 2004 , Cen and Sage 2005 . Parallel thermal responses have been documented between the response of A and electron transport at elevated CO 2 , and the modeled assessments of electron transport-limited A have effectively predicted the CO 2 response of A at elevated temperature and the thermal response of A (Yamasaki et al. 2002 , Cen and Sage 2005 . These observations have led makino@biochem.tohoku.ac.jp; Fax, to suggestions that the deactivation of Rubisco observed at elevated temperature is a secondary, regulated response to the limitation on A imposed by electron transport capacity at elevated temperature (Cen and Sage 2005, Sharkey 2005 ). Deactivation of Rubisco is a well-described regulated response to limitations in RuBP regeneration capacity at the thermal optimum (Mott et al. 1984 , Sage et al. 1988 , Sage 1990 , Portis 2003 ) and, hence, should also be a regulated response to RuBP regeneration limitation above the thermal optimum. Additional support for this possibility was apparent following a manipulation of CO 2 levels. Reducing CO 2 levels relax a limitation due to electron transport (Sage 1990 , and thus should allow for an increase in the activation state of Rubisco at elevated temperature if the reduction in the activation state of Rubisco is part of a regulated response to an electron transport limitation. In contrast, if Rubisco activase is heat labile, reactivation of Rubisco should not occur at lower CO 2 . In sweet potato, high activation states of Rubisco were apparent at elevated temperature and reduced CO 2 levels (Cen and Sage 2005) .
The uncertainty over the processes controlling the response of A to elevated temperature remains one of the outstanding gaps in our understanding of the environmental physiology of plants. In this era of CO 2 enrichment and climate warming, this gap in our understanding limits our ability to predict responses of the earth's vegetation to global change effectively, and to develop appropriate responses. For example, if activase lability is limiting at high temperature, engineering heat-stable activase into plants would be an effective response to climate change, and we might be able to predict the vulnerability of native species to warming by surveying the thermal lability of activase in a natural flora. If activase function is a regulated response, such actions may have limited utility, and research should instead emphasize assessments of heat stability of the thylakoid apparatus. For a critically important species such as rice, understanding controls over A at non-optimal temperatures is vital to predicting the future of the global food supply. As a low-latitude crop, rice will increasingly encounter supra-optimal temperature as the global climate warms; however, increasing peak temperatures are not the only concern. Most global warming is predicted to occur in the winter and spring, and at high latitudes. Hence, rice crops may experience increasing frequency of suboptimal temperatures if new rice production areas become available at higher latitudes, and earlier in the year. To exploit earlier growing seasons and new production areas effectively, rice breeders should understand and be able to manipulate limitations on A at suboptimal temperatures.
To understand better the nature of limitations on A at non-optimal temperature, new approaches are needed to perturb patterns of limitation and associated regulatory responses. To this end, we have exploited the recent success of Suzuki et al. (2007) who transformed rice with an rbcS cDNA in a sense orientation under the control of the rice rbcS promoter. This line selectively overproduced Rubisco, which should enhance Rubisco capacity in plants, and shift the limitation toward RuBP regeneration. We also selected rbcS antisense lines of rice (Makino et al. 1997) where lightsaturated photosynthesis is limited by Rubisco capacity over a wide range of CO 2 partial pressure (Makino et al. 2000) . By using the rbcS sense, antisense and wild-type (WT) rice lines, we have the ability to perturb the limitation on A between electron transport capacity and Rubisco capacity, and to alter the ratio of Rubisco to Rubisco activase. Here, we present the results of a study where the temperature response of A of the rbcS sense, antisense and WT genotypes was analyzed using gas exchange, Chl fluorescence and biochemical assessments of Rubisco activity and activation state in vitro.
Results
Two lines of transgenic rice were used: one had 130% of the Rubisco content of WT lines, while the other had 35% of the Rubisco content present in the WT (Table 1) . Rubisco contents per unit of leaf area and per unit of Chl content were 32 and 44% greater in the rbcS-sense lines Figure 1 shows the temperature responses of PSII quantum efficiency (ÈPSII), non-photochemical quenching (NPQ) and A measured at Ci ¼ 28 Pa. The thermal response of ÈPSII did not differ between the WT and sense lines, and in each line the optimal temperature was between 32 and 378C. ÈPSII was 475% reduced in the antisense lines compared with the sense and WT lines, and it exhibited a reduced response to temperature relative to the WT and sense lines. In the antisense lines, NPQ was 43.0 at all temperatures, while in the WT and sense lines, it declined from near 2.5 at 128C to below 1.5 at the thermal optimum of A; no difference in the response of NPQ to temperature was apparent between the sense and WT lines. The net CO 2 assimilation rate was slightly higher in the sense lines than in the WT lines, and both of these plants had a substantially higher A than the antisense lines. The optimal temperature of A was between 25 and 328C in all genotypes. Dark respiration increased with increasing temperature up to 418C, with the respiration rate in the antisense lines being 30-50% lower in the antisense lines than in the other two genotypes (Fig. 2 ). These respiration rates were used to estimate the response of gross photosynthesis (Ag) to temperature (see Materials and Methods) . Figure 3 shows the rates of gross CO 2 assimilation (Ag) per unit Chl and per unit Rubisco measured at Ci ¼ 15, 28 and 460 Pa. Gross photosynthesis per Chl (Ag/Chl) at Ci ¼ 15 and 28 Pa was higher in the sense plants than in the WT lines, but there was no difference in Ag/Chl at Ci 460 Pa. Gross photosynthesis per unit Chl was markedly lower in the antisense than either the sense or WT lines at all measurement CO 2 levels; however, increasing CO 2 to460 Pa reduced the difference in Ag/Chl observed between the antisense and WT lines. Gross photosynthesis per Rubisco (Ag/Rb) was highest in the antisense lines and lowest in the sense lines at any given measurement temperature, with the difference in Ag/Rb between the antisense and both the sense and WT lines increasing with increased CO 2 content (Fig. 3) . Above 60 Pa, Ag/Rb was 4-fold greater at 418C in the antisense lines compared with the sense lines.
The activation state of Rubisco was highest in the antisense lines and lowest in the sense lines (Fig. 4A) . In all three lines, the activation state of Rubisco gradually declined above a maximum plateau at cool temperatures, with a marked drop in value above 378C. The optimal temperature of Rubisco activation was lower than that of ÈPSII and A, neither of which showed a sharp decline above 378C. To evaluate better the relative significance of the changes in the activation state of Rubisco vs. Ag, 
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Temperature response of photosynthesis in rice we modeled the temperature response of Rubisco-limited Ag at a Ci of 28 Pa using the initial activity values of Rubisco determined in vitro (Fig. 4B ). The modeled relationships effectively predicted the measured data except above 378C, where the modeled responses underestimated observed A.
The relative sensitivity of Ag to increasing Ci from 28 to 460 Pa was calculated for each line using the data in Fig. 4 (Fig. 5) . The CO 2 sensitivity of Ag to increasing Ci from 28 to 460 Pa was highest in the antisense lines and lowest in the sense lines. In the antisense lines, the measured CO 2 sensitivity was higher than the modeled CO 2 sensitivity assuming that Rubisco capacity is limiting, although the disagreement between measured and modeled data below 258C may have been mainly due to low gas exchange rates and overestimates of respiration in the antisense lines. CO 2 sensitivity of the WT lines between 28 and 70 Pa (460 Pa) roughly corresponded to that predicted assuming an electron transport limitation on Ag. The CO 2 sensitivity in the sense lines was lower than that predicted from electron transport-limited A. Low CO 2 sensitivity indicates a Temperature response of photosynthesis in ricelimitation by the Pi regeneration capacity (Sage 1990 ); hence, this result suggests that the Pi regeneration limitation may contribute to the limitation on A in the sense lines. The Rubisco control coefficient as a function of temperature was determined at Ci values of 15, 28 and 460 Pa in the WT, rbcS sense and antisense lines (Fig. 6 ). In the antisense lines, the control coefficient of Rubisco was high, being 40.8 at all temperatures at 15 and 28 Pa. At 460 Pa, the Rubisco control coefficient in the antisense lines declined from near 0.8 at 168C to 50.6 at 428C. In the sense lines, the control coefficient was low (50.5) at all temperatures at 15 and 28 Pa, and was negative at 460 Pa. No temperature-dependent pattern was apparent in the thermal response of the Rubisco control coefficient in the sense lines. In the WT lines, Rubisco control coefficients generally declined with temperature 4208C at Ci values of 15 and 28 Pa. At 60 Pa, the control coefficient of the WT lines showed no thermal response and was low (50.4). Fig. 7 shows the relationship between Rubisco activation measured at each temperature and Rubisco content. The activation state of Rubisco decreased with increasing Rubisco content at all temperatures, and the slope of activation to Rubisco content was independent of temperature. Rubisco activase is more heat labile than Rubisco (Crafts-Brandner and Salvucci 2000, Salvucci and CraftsBrandner 2004a) . If the activation state of Rubisco is reflected only by the in vivo functional ratio of activase to Rubisco, the response slope should be steeper with increasing temperature. These results suggest that the 
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Temperature response of photosynthesis in rice decline in the activation state of Rubisco with increasing temperature was not simply caused by thermal inactivation of Rubisco activase.
Discussion
In this study, we have for the first time used plants with trangenically enhanced and depleted Rubisco levels to study the thermal response of C 3 photosynthesis. We have also utilized varying CO 2 levels to perturb the pattern of photosynthetic control exerted by Rubisco, and employed Chl fluorescence analysis to evaluate the response of electron transport to temperature in plants with different Rubisco contents. Our most important findings are as follows: first, Rubisco control in the WT is greatest at cool temperatures (15-208C) and declines at elevated temperature at low and current CO 2 levels. Rubisco control in the WT at high CO 2 levels is low at all temperatures. Secondly, we saw little evidence of direct limitations on A caused by heat lability of Rubisco activase above the optimal temperature. The reduction in the activation state that we did observe appears to be more probably a consequence of the regulatory response to a limitation in electron transport capacity. We now discuss the evidence and implications of these results.
Rubisco more strongly limits photosynthesis at cool temperature At the thermal optimum, Rubisco is generally considered to be the primary control over photosynthesis at saturating light and CO 2 concentrations below current atmospheric levels, particularly near the temperature optimum (Hikosaka et al. 2006, Sage and Kubien 2007) . At low temperatures, the capacity for Pi regeneration often limits A by limiting the regeneration of Pi for photophosphorylation (Sharkey 1985a , Sage and Sharkey 1987 , Labate and Leegood 1988 , but the temperature at which Pi regeneration become limiting is variable between species 
The slope of the regression at each temperature was not significantly different from that at 258C (P50.05 by t-test), but the intercepts at 32-418C were significantly different from that at 258C at P50.05 (328C) and P50.01 (37 and 418C) by t-test, respectively.
Temperature response of photosynthesis in riceand growth conditions (Sage and Kubien 2007) . We saw little evidence for Pi regeneration limitations in the WT and antisense lines, as indicated by the stimulation of A by increasing Ci from 28 to 60 Pa (Fig. 5) . In these lines, the observed sensitivity to a CO 2 increase was similar to the modeled CO 2 sensitivity assuming either a Rubisco or electron transport limitation. If the Pi regeneration capacity limited A, the measured sensitivity would have been below the modeled sensitivity, and is typically close to 1.0 (Sage and Sharkey 1987) . In the sense line, particularly at low temperature, the sensitivity of A to rising CO 2 was near 1.0, indicating that Pi regeneration is an important control over A (Fig. 5) .
In the absence of Pi regeneration limitation at low temperature, there is uncertainty regarding which process is the predominant control over A. Our results show that for rice, the control coefficient of the WT is greatest at 15-208C at low and current levels of CO 2 , but at elevated CO 2 (460 Pa) the degree to which Rubisco controls A has declined (Fig. 6 ). Further evidence for relatively high Rubisco control in the WT is apparent in the temperature response of Ag/Rb (Fig. 3) . At 15-208C, Ag/Rb in the WT at Ci ¼ 15 and 28 Pa is close to that of the antisense line, where high Rubisco control is present (Fig. 3) . Above 258C, Ag/Rb in the WT falls well below that of the antisense line, instead approaching the value observed in the sense line at Ci ¼ 15 and 28 Pa. At 460 Pa, there is a large discrepancy between Ag/Rb in the WT and antisense lines, demonstrating a reduction in the degree to which Rubisco is limiting. In addition, the activation state of Rubisco was also maximal at temperatures below the thermal optimal, 16-208C in all genotypes (Fig. 4A) . When the contribution of Rubisco to overall photosynthetic control is enhanced, the activation state of Rubisco increases (Sage 1990 ).
In current atmospheric CO 2 conditions, a number of studies also indicate that Rubisco may be the predominant limitation on A in C 3 plants when the Pi regeneration capacity is non-limiting (Sharkey 1985b , Sage and Sharkey 1987 , Hendrickson et al. 2004 , Cen and Sage 2005 . Pi regeneration capacity is less limiting in species adapted to colder climates, and in many species following acclimation to cool growing conditions (Sage and Sharkey 1987 , Yamori et al. 2006b , Sage and Kubien 2007 . In the absence of a Pi regeneration limitation, Rubisco kinetics appear to explain better the thermal response of A at current CO 2 levels and below, e.g. in spinach (Yamori et al. 2006b ), oak and Plantago (Hikosaka et al. 2006) . Electron transport capacity could also contribute to control below the thermal optimum, but this appears to be the case largely at elevated CO 2 levels (Mawson and Cummins 1989 for Saxifraga cernua, Makino et al. 1994 for rice, Yamasaki et al. 2002 for winter wheat). As a warm-adapted crop, we would have expected rice to be Pi regeneration limited below the thermal optimum, but this was not observed. Instead, our control analysis indicated that Rubisco is the leading control over A in the WT at current CO 2 levels below the thermal optimum, with the control shifting to electron transport capacity at elevated CO 2 levels as indicated by Makino et al. (1994) . Sage (2002) previously found that Rubisco from C 3 species originating in cool environments has a higher K cat than that from C 3 species originating in warm environments. If there are evolutionary adjustments of Rubisco properties to enhance performance in the temperature environments in which plants are adapted, the results of Sage (2002) mean that Rubisco activity becomes an important determinant for photosynthesis at cool temperature. This hypothesis is consistent with our present findings that Rubisco more strongly limits photosynthesis at cool temperature. In addition, one implication of high Rubisco control at cool temperature is that increasing Rubisco levels may improve A during the colder part of the growing season and early in the day. Plants acclimated to cooler temperatures often exhibit enhanced Rubisco contents (Sage and Kubien 2007) . It has been unclear whether higher Rubisco content in cool-grown leaves is an adaptive mechanism to overcome Rubisco limitations at low temperature, or simply a reflection of slower leaf development that increases overall protein content in leaves. By demonstrating that Rubisco has high control at cooler temperature, our results indicate that there could be an adaptive advantage to enhancing Rubisco content specifically, at least at atmospheric CO 2 levels of the past. At the same time, however, our results show that Pi regeneration limitation occurs in the sense line with enhanced Rubisco content at cool temperature because of less sensitivity of A to rising CO 2 (Fig. 5) .
Rubisco control at high CO 2 levels is low at all temperatures
The major reason for the loss of Rubisco control at higher CO 2 levels is the accelerated rate of RuBP consumption made possible by rising CO 2 ; this is commonly modeled to exceed the RuBP regeneration capacity near current levels of CO 2 and the thermal optimum (von Caemmerer and Farquhar 1981) . Another mechanism in rice for the diminishing returns of increased Rubisco expression could be a reduction in the allocation of N to electron transport capacity. Rice has a small nitrate pool, such that genetic manipulation of Rubisco content has a direct effect on N partitioning within the photosynthetic apparatus. In antisense lines, decreased Rubisco content is associated with increases in N content of other photosynthetic constituents (Makino et al. 1997) . In sense lines of rice, the reverse is probably true, as indicated by a decrease in the insoluble N fraction, which is largely associated with thylakoid components that support RuBP regeneration (Suzuki et al. 2007 ). Consistently, Ag/Chl was higher in the sense lines than in the WT lines at current levels of CO 2 (Fig. 3) . This observation is explained by the reduction in Chl content in the sense lines under CO 2 conditions where Rubisco has shared control. At high CO 2 levels, there is no difference in Ag/Chl between the WT and sense lines, which is consistent with low Rubisco control. A reduction in the thylakoid component also explains the negative control coefficient in the sense lines at 460 Pa CO 2 . A loss in RuBP regeneration capacity at high CO 2 levels would have depressed Ag relative to Rubisco content, creating a negative estimate for Rubisco control
The decline in Rubisco activation at intermediate and high temperatures may be a regulated response to a limitation in electron transport capacity
We observed the highest activation of Rubisco in rice between 16 and 208C, and Rubisco activation decreased gradually with increasing temperature up to 378C, then sharply declined at 418C (Fig. 5) . The biochemical mechanism for deactivation of Rubisco with increasing temperature is considered to be an imbalance between the rate of Rubisco deactivation and reactivation by activase (Crafts-Brandner and Salvucci 2000). In the cited study, it was found that since Rubisco activase cannot keep up with the faster rate of Rubisco deactivation at high temperature, the activation state of Rubisco decreases. Observations with transgenic tobacco plants with decreased Rubisco activase by antisense rca, however, have shown that the activase activity at 258C is sufficient to maintain Rubisco activation in WT plants (Jiang et al. 1994 , Mate et al. 1996 , Eckardt et al. 1997 ). According to their results, transgenic plants with 420% of the WT activase content appear to maintain Rubisco activation at 258C, which was little different from the case of WT plants. Our results indicated that the activation state of Rubisco decreases gradually above 208C, even in the antisense lines with severely reduced Rubisco content relative to the activase (Fig. 4) . This indicates that the decline in Rubisco activation above 208C is due to a reduction in Rubisco activase activity as a result of other factors than direct heat suppresion. The activity of Rubisco activase is very sensitive to the ATP/ADP ratio and the redox status in the chloroplast stroma (Portis 2003) . In many species, including rice, that have two isoforms of the activase (To et al. 1999, Zhang and Komatsu 2000) , the ATP/ADP sensitivity of the large isoform of activase is mediated by thioredoxin-f Portis 1999, Zhang et al. 2002) . Such regulation may be the mechanism explaining the reduction in activity of Rubisco activase in response to limitations in the thylakoid apparatus.
Both low and high temperatures frequently promote cyclic electron flow around PSI (Bukhov et al. 2000 , Miyake et al. 2004 , Miyake et al. 2005b ). In the rbcS-antisense lines, the cyclic electron flow is also engaged at normal temperature (Makino et al. 2002) . The engagement of cyclic electron flow generates the formation of NPQ with ÁpH across the thylakoid membranes. Since the capacity for linear electron flow is sufficient to maintain A at cool temperature, such an additional formation of ÁpH across the membrane by cyclic electron flow may be sufficient to maintain ATP synthesis for Rubisco activase at cool temperature. In vitro experiments with the chloroplast lysate in spinach showed that a proton gradient is required for maximum activation of Rubisco even when ATP is provided exogenously (Campbell and Ogren 1990) .
High NPQ is generally associated with a high activation state of Rubisco. For example, low CO 2 stimulates high NPQ (Miyake et al. 2005b ) and a high activation state of Rubisco (Sage et al., 1990, Cen and Sage 2005) . Low N also leads to high NPQ (Verhoeven et al. 1997 , Logan et al. 1999 , Ushio et al. 2003 , Miyake et al. 2005a ) and a high activation state of Rubisco Terashima 1988, Ma¨chler et al. 1988) . Antisense rbcS plants commonly show high NPQ and a high activation state of Rubisco (Figs. 1, 4 ; Makino et al. 2002) . The exception to the association between NPQ and Rubisco activation occurs at elevated temperature, where a small increase in NPQ above 378C was not associated with an increase in the activation state of Rubisco. This uncoupling of NPQ and Rubisco activation can be explained by a limitation in the capacity for linear electron flow at high temperature (Yamasaki et al. 2002 , June et al. 2004 , Cen and Sage 2005 . The activation of cyclic electron flow at elevated temperature comes at the expense of linear electron transport, leading to a decline in the redox state in the stroma and availability of NADPH for CO 2 assimilation (Bukhov et al. 1999, Sharkey and Schrader 2006) . These factors appear to be the primary cause for the deactivation of Rubisco at elevated temperature.
Conclusion
Many studies on the temperature response of C 3 photosynthesis have shown that Rubisco capacity is the predominant limitation on photosynthesis below the current CO 2 levels near the temperature optimum, while at elevated CO 2 the limitation shifts to Pi regeneration capacity at low temperature, and either electron transport capacity or heat lability of Rubisco activase capacity at high temperature. However, limitations by Pi regeneration capacity at low temperature are not necessarily universal, and some species are less likely to be limited by the Pi regeneration capacity (Sage and Kubien 2007) . Our findings in rice including rbcS antisense and sense genotypes clearly indicate that Rubisco control is the greatest below the temperature optimum of photosynthesis and declines above 208C even at low and current CO 2 levels. Pi regeneration limitations are not Temperature response of photosynthesis in rice 1479 apparent in rice. To improve rice photosynthesis, our results indicate that a selective enhancement of Rubisco capacity could enhance photosynthesis and yield, but this enhancement will only be useful in the next few decades until atmospheric CO 2 enrichment negates a Rubisco limitation at cool temperature. Above the thermal optimum, deactivation of Rubisco is associated with a reduction in the control coefficient of Rubisco, indicating that Rubisco activase has lower activity as a part of a regulatory response to a limitation in electron transport capacity. These results therefore indicate that selectively enhancing Rubisco content, or its activation state, will produce minimal returns above the thermal optimum. Such increases may even be counterproductive if leaf N is sequestered into non-limiting processes at the expense of limiting processes.
Materials and Methods
Plant materials and growth conditions Rice (Oryza sativa L. cv Notohikari) and transgenic plants with increased or decreased Rubisco were used. The transgenic plants with increased Rubisco were obtained by transformation with a rice rbcS-sense gene (Suzuki et al. 2007) , and the plants with decreased Rubisco were produced with a rice rbcS-antisense gene (Makino et al. 1997) . Both transgenes were driven under the control of the rice rbcS promoter. Among their respective T 2 progeny, we selected a rbcS-sense line with about 130% WT Rubisco (Sr-26-8; Suzuki et al. 2007 ) and a rbcS-antisense line with about 35% WT Rubisco (AS-71-4; Makino et al. 2000) . All plants were grown hydroponically in a greenhouse controlled at a day/ night temperature regime of 268C/208C in the Botany Department, the University of Toronto. The seedlings during the first 3 weeks were grown on a plastic net with tap water (adjusted to pH 5.5) and then transplanted to 12 liter plastic pots containing nutrient solution (10 plants per pot). The basal nutrient solution was as previously described by Makino et al. (1988) , except that deionized water was used instead of tap water, and sodium silicate solution (Sigma, St Luis, MO, USA) was added to a final concentration of 120 mM (21 ppm as SiO 2 ). The pH of the nutrient solution was adjusted to 5.0-5.5. The solution was continuously aerated and renewed once a week. The measurements were done on the uppermost, fully expanded leaves of 60-to 90-day-old plants.
Chl fluorescence and gas exchange measurements
Chl fluorescence and gas exchange were measured simultaneously with a pulse-modulated Chl fluorometer (Mini-PAM, Walz, Effeltrich, Germany) and a null-balance gas exchange system (Sharkey 1985b) , respectively. Gas concentration in the chamber was controlled by mixing N 2 , O 2 and 5% (v/v) CO 2 using three mass flow controllers (Model 840, Sierra Instruments, Monterey, CA, USA). Measurements were made at an O 2 partial pressure of 21 kPa and a relative humidity of 60% (air to leaf). Leaf temperature was measured with three fine wire thermocouples attached to the lower surface of the leaf. Irradiance was provided by two cool-light sources (KL-2500, Schott, Mainz, Germany) and adjusted to 1,200 mmol quanta m -2 s -1 at the position of the leaf in the chamber. The leaf chamber was equipped with two fans and the temperature was controlled by Peltier thermoelectric devices and a refrigerated water bath. Differences in the partial pressures of CO 2 and H 2 O between the air entering and exiting the chamber were measured with a Li-Cor IRGA system (LI-6262, Li-Cor, Lincoln, NE, USA). The plants were adapted to darkness at 258C for 30 min before the measurements commenced, and then the Chl fluorescence parameters (F o and F m ) were measured. Measurements were initiated at 258C, and leaf temperature was raised to 418C, then lowered in 4-88C steps to 128C. Once gas exchange had reached the steady-state rate at a given temperature, the fluorescence parameters (F and F m 0 ) were measured. Saturating pulses were applied at 60-90 s intervals and the average of three measurements was calculated.
All photosynthetic measurements were made at the partial pressures of CO 2 of 20, 38 and 90 Pa with a variation of AE 1 Pa to obtain the Ci of 15, 28 and460 Pa, respectively. For rbcS-antisense plants, measurements were done at 18, 33 and 80 Pa CO 2 to obtain the same Ci of 15, 28 and 460 Pa, respectively
The ÈPSII was defined as (F m 0 -F)/F m 0 as proposed by Genty et al. (1989) . NPQ was calculated as (F m -F m 0 )/F m 0 according to Bilger and Bjo¨rkman (1994) . The gas exchange parameters were determined according to von Caemmerer and Farquhar (1981) .
The temperature response of dark respiration was also measured between 12 and 418C. Before measurements, the plants were kept in the dark for410 h because the rate of dark respiration is known to be affected by accumulation of photosynthates (Noguchi et al. 1996) . The preliminary experiments showed that the rate of dark respiration decreases to about 50% the level during the dark period and then reaches the steady-state level after a sufficient dark period (5-9 h).
Rubisco assays
Samples used for the Rubisco activation assay were collected from a leaf equilibrated at steady-state conditions in the gas exchange chamber. After gas exchange had reached the steadystate rate at a given leaf temperature, the leaf in the chamber (about 8 cm 2 of leaf area) was taken and immediately frozen in liquid N 2 . The time between interruption of gas exchange conditions and complete freezing was 52 s. The activation state of Rubisco was determined by comparing the initial with the total activity of Rubisco according to the method of Sage et al. (1993) . A frozen leaf segment was rapidly extracted within 60 s in a buffer of 100 mM Bicine-NaOH (pH 8.0), 5 mM dithiothreitol, 0.4% (w/v) bovine serum albumin, 1% (w/v) polyvinylpolypyrrolidone 20 mM MgCl 2 and 150 mM NaHCO 3 . Immediately after centrifuging the extract for 15 s, the initial activity of Rubisco was assayed at 258C in a buffer of 100 mM Bicine-NaOH (pH 8.0), 5 mM dithiothreitol, 20 mM MgCl 2 , 2 mM ATP, 2 mM ribose 5-P, 1 U ml -1 ribulose-5-P kinase, 1.7 U ml -1 ribose-5-P isomerase and 5 mM NaH 14 CO 3 . Total activity was estimated following incubation of the extract in the presence of 10 mM NaHCO 3 , 20 mM MgCl 2 and 1.0 mM Na 2 HPO 4 .
The amounts of Chl and Rubisco were determined according to Makino et al. (1994) . A leaf segment was homogenized in a buffer of 50 mM Tris-HCl (pH 7.5), 100 mM 2-mercaptoethanol, 2 mM Na-iodoacetate and 5% (v/v) glycerol. The total Chl content was measured from part of this homogenate. For determination of Rubisco, a Triton X-100 solution to a final concentration of 0.1% (v/v) was added to a portion of the leaf homogenate. After centrifuging the homogenate, the supernatant fluid was treated with a lithium dodecylsulfate solution [1.0% (w/v)] at 1008C for 1 min and analyzed by SDS-PAGE. The amount of Rubisco was determined spectrophotometrically after formamide extraction of Coomassie brilliant blue R-250-stained bands corresponding to the
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Temperature response of photosynthesis in rice large and small subunits of Rubisco. Complete extraction of Rubisco protein in the presence of 0.1% Triton X-100 was verified using SDS-PAGE of the precipitated fraction.
Calculation of Rubisco-limited and electron transport-limited photosynthesis Rubisco-limited photosynthesis was calculated from the equation of von Caemmerer and Farquhar (1981) :
where Ag is the gross rate of CO 2 assimilation (A plus dark respiration) and Cc is the partial pressure in the chloroplast stroma deduced from the assumption that the mesophyll conductance between the intercellular air spaces and the chloroplast stroma is 5 mmol CO 2 m -2 s -1 Pa -1 (¼ 0.5 mol CO 2 m -2 s -1 bar -1
) at 258C (from rice data in von Caemmerer and Evans 1991 , Makino et al. 1994 and that its temperature dependence changes in proportion to A (Yamori et al. 2006a, Warren and Dreyer 2006) . ÀÃ is the partial pressure of CO 2 in the chloroplast at which photorespiratory CO 2 evolution equals the rate of carboxylation, and its response to temperature was calculated by the equation obtained with spinach leaves (Brooks and Farquhar 1985) :
where T is leaf temperature (8C), Vc is the maximum Rubisco carboxylase activity and Kc and Ko are the Michaelis-Menten constants for CO 2 and O 2 , respectively. Since the temperature dependencies of the kinetic parameters of Rubisco from rice are not known, those were derived from the spinach data of Jordan and Ogren (1984) calculated by von Caemmerer and Quick (2000) using the Arrhenius equation (Badger and Collatz, 1977) . Electron transport-limited photosynthesis was calculated from the equation of von Caemmerer and Farquhar (1981) :
where J max is the maximum rate of electron transport.
Calculation of flux control coefficient by Rubisco A flux control coefficient (Cra) was calculated to determine the extent to which Rubisco controls photosynthesis measured at Ci ¼ 15 Pa, Ci ¼ 28 Pa and Ci 460 Pa in response to temperature (Stitt 1995 , Kubien et al. 2003 . The coefficient was defined as Cra ¼ ðÁAg=Á½EÞ=ðAg=½EÞ ð4Þ
where [E] is the amount of Rubisco protein. The gross rate of CO 2 assimilation measured at each CO 2 and temperature was regressed against the Rubisco content in three rice genotypes using a secondorder polynomial passing through the origin. For the analysis on WT and rbcS-antisense rice plants, however, the data obtained with rbcS-sense plants were excluded. To determine ÁA/Á [E] between 12 and 418C, the derivatives of each curve were taken at each Rubisco content in the three genotypes.
